The discovery of Novoselov et al. (2004) of a simple method to transfer a single atomic layer of carbon from the c-face of graphite to a substrate suitable for the measurement of its electrical and optical properties has led to a renewed interest in what was considered to be before that time a prototypical, yet theoretical, two-dimensional system. Indeed, recent theoretical studies of graphene reveal that the linear electronic band dispersion near the Brillouin zone corners gives rise to electrons and holes that propagate as if they were massless fermions and anomalous quantum transport was experimentally observed. Recent calculations and experimental determination of the optical phonons of graphene reveal Kohn anomalies at high-symmetry points in the Brillouin zone. They also show that the Born-Oppenheimer principle breaks down for doped graphene. Since a carbon nanotube can be viewed as a rolled-up sheet of graphene, these recent theoretical and experimental results on graphene should be important to researchers working on carbon nanotubes. The goal of this contribution is to review the exciting news about the electronic and phonon states of graphene and to suggest how these discoveries help understand the properties of carbon nanotubes.
Introduction
The fundamental building block of both a graphite crystal and a carbon nanotube is the graphene layer shown schematically in Fig. 1a . Such an atomic structure is characterized by two types of C-C bonds (σ, π) constructed from the four valence orbitals (2s, 2p x , 2p y , 2p z ), where the z-direction is perpendicular to the sheet. Three σ-bonds join a C atom to its three neighbors. They are quite strong, leading to optical-phonon frequencies much higher than observed in diamond. In addition, the C-C bonding is enhanced by a fourth bond associated with the overlap of p z (or π) orbitals. Graphite is comprised of coherently stacked layers of graphene. Two layers (A and B) are needed to define the unit cell in graphite. The three-dimensional (3D)
A. Jorio, G. Dresselhaus, M. S. Dresselhaus (Eds.): Carbon Nanotubes, Topics Appl. Physics 111, 673-709 (2008) Springer-Verlag Berlin Heidelberg 2008 structure of graphite is therefore held together by a weak interlayer van der Waals (vdW) force. A single-wall carbon nanotube (SWNT), on the other hand, is a seamless cylinder of graphene. SWNTs are analogously bound in a bundle by the vdW force. The electronic properties of graphene, graphite and carbon nanotubes are determined by the bonding π-and antibonding π *orbitals that form wide electronic valence and conduction bands ( Fig. 1b ). As the tube diameter decreases, the bond angle between the σ and π orbitals increases slightly, introducing curvature effects into the electronic and phonon properties of SWNTs. Theoretical calculations show that the π-band overlap in graphite disappears as the layers are further separated over their equilibrium distance in graphite. This leads to decoupled graphene layers that can be described as a zero-gap semiconductor. The π-band electronic dispersion for graphene near the six corners of the 2D hexagonal Brillouin zone is found to be linear. Thus, "cones" of carriers (holes and electrons) appear in the corners of a 2D Brillouin zone whose points touch at the Fermi energy, as shown in Fig. 1c . The linear electronic band dispersion leads to the term "massless Dirac fermions" for these carriers. The six points where the cones touch are referred to as the "Dirac" points in the graphene literature.
Graphene, because of its structural simplicity (two atoms per unit cell), has been extensively investigated in theory for the past 60 years [1]. However, only recently has it been possible to produce ultrathin films containing a countable number (n) of graphene layers (i.e., 1 < n < 20). The synthetic techniques fall into two categories. The first approach exploits the weak bonding between the graphene layers by pealing off an n-graphene layer (nGL) by chemical means [2] [3] [4] [5] [6] or by mechanical means [7, 8] . Mechanical separation of nGLs from the parent crystal involves rubbing the freshly cleaved quasi-2D system against a smooth substrate. This technique has allowed graphene and nGLs to be studied in the laboratory for the first time [7] . It is simple, inexpensive and produces graphene and nGL flakes of very high quality. However, this approach lacks the scalability required by mass device production. The second approach grows epitaxial graphitic films by thermal decomposition of SiC [9] [10] [11] [12] . This technique has the potential of producing large-area lithography-compatible films and is rapidly advancing at the moment.
In this contribution, we review the connection between the electron and phonon states in graphene (nGLs) and SWNTs. We begin with a discussion of the electronic states. Recent theoretical arguments and experiments are converging on a picture of free carriers in graphene near the Fermi energy behaving as massless Dirac fermions propagating at ∼ 1/100 the speed of light, i.e., they do not behave as simple electrons or holes with an effective mass. Experimental observations of an anomalous integer quantum Hall effect in graphene has been reported recently and has created a lot of attention [13, 14] . These and other interesting experimental electronic transport results are reviewed as well [15] with further discussion provided in the contributions in this volume by Ando and by Spataru et al. We then discuss
